The severe shortage of allogeneic donors currently limits the number of organ transplantations performed. 1 This supplydemand disparity could be corrected by the ability to use organs from other species (xenografts). In view of the ethical issues and impracticalities associated with the use of nonhuman primates, pigs are considered the most suitable organ donor species for humans. In addition to organ size and physiologic similarities to humans, the ability to rapidly breed and inbreed pigs makes them particularly amenable to genetic modifications that could improve their ability to function as organ donors to humans. 2,3 However, xenotransplantation from pigs is hampered by vigorous immunologic rejection. In addition to the adaptive immune responses, which play critical roles in both allograft and xenograft rejection, the innate immune system also mediates strong rejection of organs and cells from discordant xenogeneic donors.
Introduction
The severe shortage of allogeneic donors currently limits the number of organ transplantations performed. 1 This supplydemand disparity could be corrected by the ability to use organs from other species (xenografts). In view of the ethical issues and impracticalities associated with the use of nonhuman primates, pigs are considered the most suitable organ donor species for humans. In addition to organ size and physiologic similarities to humans, the ability to rapidly breed and inbreed pigs makes them particularly amenable to genetic modifications that could improve their ability to function as organ donors to humans. 2, 3 However, xenotransplantation from pigs is hampered by vigorous immunologic rejection. In addition to the adaptive immune responses, which play critical roles in both allograft and xenograft rejection, the innate immune system also mediates strong rejection of organs and cells from discordant xenogeneic donors.
Studies in various models have shown that macrophages contribute significantly to xenograft rejection. In xenotransplant recipients, macrophages are activated and recruited rapidly, and their responses to xenoantigens precede the activation of T cells. 4 It has been reported that macrophages contribute significantly to the rejection of porcine hematopoietic cells 5, 6 and islet xenografts [7] [8] [9] in both rodents and primates. Similarly, macrophages also mediate strong rejection of human hematopoietic cells 10 and islets 11 in mice. The rapid and refractory rejection of xenogeneic hematopoietic cells by macrophages greatly impedes the application of mixed chimerism, a means of tolerance induction, to xenotransplantation.
Macrophage activation is regulated by the balance between activating and inhibitory signals. CD47 (integrin-associated protein), a member of the Ig superfamily, is ubiquitously expressed in all tissues and serves as a ligand for signal regulatory protein ␣ (SIRP␣; also known as CD172a, SHPS-1), an immune inhibitory receptor on macrophages. 12, 13 Studies using CD47-deficient mice demonstrated that SIRP␣ on macrophages recognizes CD47 as a marker of "self." 14 CD47-SIRP␣ signaling prevents phagocytosis of normal hematopoietic cells by autologous macrophages 14, 15 and reduces the sensitivity of antibody-and complement-opsonized cells to phagocytosis. 16, 17 These results indicate that macrophages rely on CD47 expression to distinguish "self " from "nonself " and to set a threshold for macrophage-mediated phagocytosis of opsonized cells. Thus, donor cells would be highly susceptible to phagocytosis by recipient macrophages in a xenogeneic transplantation setting if donor CD47 fails to interact with recipient SIRP␣. As a first step in investigating this question, in this study we assessed the role of CD47 in phagocytosis of xenogeneic cells in the setting of pig-to-mouse xenotransplantation. Our results indicate that the failure of pig CD47 to interact with mouse SIRP␣ makes porcine cells highly sensitive to phagocytosis by mouse macrophages. Furthermore, genetic manipulation of donor CD47 to improve its interaction with the recipient SIRP␣ is effective in preventing the rejection of porcine cells by macrophages in mice.
Immunoprecipitation and Western blot analysis
Bone marrow-derived macrophages (2 ϫ 10 6 ) were plated on 150 ϫ 25-mm plastic Petri dishes (Becton Dickinson, Franklin Lakes, NJ) for 16 hours and then rinsed once with PBS prior to plating of mouse or porcine red blood cells (RBCs). The cultures were kept in a 37°C water bath for 30 minutes. After lysing RBCs in cold ACK lysing buffer (Cambrex Bio Science Walkersville, Walkersville, MD), macrophages were harvested, washed with PBS, and lysed in 0.4 mL lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1% protease inhibitor cocktail [Sigma, St Louis, MO], and 2 mM sodium pervanadate). The whole-cell lysates were assayed for protein quantity, using a Bio-RAD protein assay kit. For Western blot, 30 g macrophage lysates was separated on 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gel and blotted onto nitrocellulose membrane. The membrane was stained with mouse antiactin mAb IgG (C-2; Upstate, Charlottesville, VA) followed by bovine antimouse IgG-HRP (Upstate), or with rabbit anti-phosphotyrosine IgG (Upstate) followed by goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Santa Cruz, CA). For immunoprecipitation, 300 g macrophage lysates was mixed with rat anti-mouse SIRP␣ antibody (P84) 12 and a 50% slurry of protein G-Sepharose beads (Sigma) by rotation at 4°C for 2 hours. Precipitated proteins were separated on 10% SDS-PAGE and transferred to nitrocellulose membrane for Western blotting, in which rabbit immunoaffinity purified anti-phosphotyrosine IgG (Upstate) and goat anti-rabbit HRP-conjugated IgG (Santa Cruz Biotechnology) were used as primary and secondary antibodies, respectively.
Mouse CD47 cDNA plasmid construction and transfection
Mouse CD47-expressing plasmid (pCDNA3.1-mCD47) was prepared by inserting full-length mouse CD47 cDNA (kindly provided to us by Dr Tadashi Furusawa, National Institute of Animal Research Industry, Japan) into a eukaryotic expression vector pCDNA-3.1 (Invitrogen, Carlsbad, CA). LCL-13271 cells (a pig lymphoma-like cell line kindly provided by Dr Christene Huang) 19 were transfected with pCDNA3.1-mCD47 or the empty plasmid (pCDNA3.1-neo) using the Effectene Transfection kit (Qiagen, Valencia, CA) and selected by incubation with 0.8 mg/mL G418 (Gibco, Carlsbad, CA).
In vitro phagocytic assay
Fluorescent labeling of cells with green fluorescent dye carboxyfluorescein diacetate succinimidyl ester (referred to as CFSE), red fluorescent dye PKH-26-GL (referred to as PKH-26), and blue fluorescent dye 7-amino-4-chloromethylcoumarin (referred to as CMAC) was performed according to the manufacturer's protocols (Molecular Probes, Eugene, OR). Fluorescent dye (CFSE or PKH-26)-labeled target cells were incubated with splenic or peritoneal macrophages. The cultures were harvested at various times and analyzed for numbers of viable target cells and phagocytosis by flow cytometry. The numbers of viable target cells were calculated as the product of the total number of viable cells (as counted by trypan blue exclusion) and the percentage of target cells (as measured by flow cytometry). To measure phagocytosis, CFSE-labeled target cells were incubated with macrophages; the cells were harvested at the indicated times and stained with anti-mouse Mac-1-PE prior to flow cytometric analysis. We also measured phagocytosis using fluorescence microscopy, in which target cells and macrophages were labeled with different fluorescent colors. At the indicated times after incubation, noningested target cells were washed off, or for RBCs, were lysed with ACK buffer, and wells were viewed under a Nikon Eclipse TE2000-U fluorescence microscope equipped with a 10ϫ/0.3 numerical aperture (NA) or a 20ϫ/0.45 NA objective lens, and were photographed using a DS-U1 digital camera (Nikon, Melville, NY) and Adobe Photoshop Elements software version 3.0 (Adobe Systems, San Jose, CA).
Transwell experiments
These experiments were performed using 24-well plates with transwell inserts (0.4-m pore size; Costar, Cambridge, MA). A mixture (1:1 ratio) of unlabeled LCL-mCD47 and LCL-neo cells (1 ϫ 10 5 /well) was added to the lower chamber with or without mouse macrophages (1 ϫ 10 6 /well), and a mixture (1:1 ratio) of LCL-mCD47 and LCL-neo cells (1 ϫ 10 5 /well) labeled with different fluorescent colors (CFSE or PKH-26) was placed in the upper transwell chamber. The plates were then incubated at 37°C. At various times after incubation, the cultures were harvested and the numbers of LCL-mCD47 and LCL-neo porcine cells in the upper transwell chambers were determined by flow cytometry as described in "In vitro phagocytic assay."
RBC clearance assay
The assay was performed as previously described. 14 Briefly, fresh pig RBCs were labeled with CFSE and injected (intravenously) into WT or CD47 KO mice (2 ϫ 10 8 RBCs per mouse). RBC clearance was measured by flow cytometric analysis of 5-L blood samples collected at various times. In some experiments, recipient spleens were harvested at various times after pig RBC injection and stored at Ϫ70°C. Frozen sections (8 m) were prepared, fixed in acetone for 10 minutes at 4°C, and stained with PE-labeled rat anti-mouse F4/80 (Caltag Laboratories) overnight at 4°C. After being washed and mounted, slides were viewed under a Nikon Eclipse TE2000 fluorescence microscope.
In vivo phagocytic assay
CFSE-labeled target cells were injected (intravenously) into mice. The recipient spleens were harvested at various times and stored at Ϫ70°C. Frozen sections were prepared, fixed in acetone for 10 minutes at 4°C, and stained with PE-labeled rat anti-mouse F4/80 (Caltag Laboratories) overnight at 4°C. After being washed and mounted, slides were viewed under a Nikon Eclipse TE2000-U fluorescence microscope equipped with a 10ϫ/ 0.3 NA or a 20ϫ/0.45 NA objective lens, and were photographed using a DS-U1 digital camera and Adobe Photoshop Elements version 3.0.
Statistical analysis
Significant differences between groups were determined using the Student t test. A P value of less than .05 was considered statistically significant. 
Results

Pig CD47 does not interact with mouse SIRP␣
SIRP␣ contains intracellular immune receptor tyrosine-based inhibitory motifs (ITIMs). SIRP␣ activation after binding to CD47 results in tyrosine phosphorylation of ITIMs, leading to the recruitment and activation of protein tyrosine phosphatases. 20 To determine whether pig CD47 can interact with mouse SIRP␣, we compared SIRP␣ tyrosine phosphorylation in bone marrowderived macrophages after contact with porcine, CD47 KO, and wild-type (WT) mouse RBCs. Western blot revealed that incubation of WT mouse macrophages with WT mouse RBCs resulted in significant SIRP␣ tyrosine phosphorylation ( Figure 1A We also examined the effect of anti-mouse SIPR␣-blocking mAb (P84) on phagocytosis of porcine cells by mouse macrophages using an in vitro phagocytic assay. Previous studies have shown that P84 blocks CD47-SIRP␣ interaction and thereby augments phagocytosis. 14 P84 should not affect the phagocytosis of porcine RBCs by mouse macrophages if pig CD47 does not interact with murine SIRP␣. In these experiments, WT mouse macrophages were incubated in medium with or without P84 for 20 minutes prior to the addition of target cells (ie, CD47 KO mouse, WT mouse, and porcine RBCs). As shown in Figure 1B , blocking SIRP␣ with P84 led to a significant increase in the engulfment of WT mouse RBCs, but had no effect on the higher baseline levels of ingestion of CD47 KO mouse or porcine RBCs (both untreated and antibody opsonized) by WT mouse macrophages. Together, these results indicate that pig CD47 cannot deliver inhibitory signals to mouse macrophages through the SIRP␣ receptor.
Delayed rejection of porcine cells in CD47 KO compared with WT mice
In CD47 KO mice, macrophages are adapted and do not phagocytose CD47 Ϫ/Ϫ cells. 14 CD47 KO cells were rapidly rejected after injection into syngeneic WT mice, but survived equivalently to WT mouse cells in CD47 KO mice ( Figure S1 , available on the Blood website; see the Supplemental Figures link at the top of the online article). Thus, it is expected that porcine cells will be more rapidly eliminated by macrophages in WT mice than in CD47 KO mice if pig CD47 cannot interact with mouse SIRP␣. To address this question, we compared the survival of porcine RBCs in WT and CD47 KO mice. CFSE-labeled porcine RBCs were injected into WT or CD47 KO mice; blood was collected from the recipient mice at various times and the levels of injected porcine RBCs were measured by flow cytometric analysis. While porcine RBCs were completely rejected in both WT and CD47 KO mice, the clearance of porcine RBCs from blood was significantly delayed in CD47 KO mice. As shown in Figure 2A , porcine cells were almost completely cleared from blood of WT mouse recipients by 2 hours, but remained detectable in CD47 KO mouse recipients 8 hours after cell transfer. We acknowledge that antipig xenoresponses by T cells, B cells, and natural killer (NK) cells may also contribute to the rejection of pig cells in the mouse recipients. However, the dramatic difference in the clearance of pig RBCs between WT and CD47 KO mice suggests that macrophages play an important role in the rejection of pig cells.
To further determine whether macrophages are responsible for the rapid clearance of porcine RBCs in WT recipients, frozen tissue sections were prepared from recipient spleens harvested 0.5, 1, and 2 hours after injection of CFSE-labeled porcine RBCs, and were analyzed by fluorescence microscopy. Substantially greater numbers of porcine RBCs were detected in the red pulp area of WT compared with CD47 KO mouse recipients ( Figure 2B and data not shown). Immunofluorescence staining revealed that porcine cells detected in the red pulp were mainly engulfed by F4/80 ϩ macrophages. Since WT and CD47 KO mice have a similar number of F4/80 ϩ macrophages in the spleen ( Figure 2B and Figure S2 ), these results suggest that the failure of pig CD47 to interact with mouse SIRP␣ may increase the susceptibility of porcine cells to phagocytosis by mouse macrophages.
Mouse CD47 expression on porcine cells reduces their susceptibility to phagocytosis by mouse macrophages
To further understand the role of CD47 in phagocytosis of xenogeneic cells and to determine whether expression of mouse CD47 on porcine cells could confer protection from phagocytosis by mouse macrophages, we generated mouse CD47-expressing (mCD47) porcine cell lines by transfection of porcine B lymphomalike cells (LCL-13271) 21 with a mouse CD47-expressing plasmid ( Figure 3A) . We compared the survival and expansion of mouse CD47-transfected (LCL-mCD47) and Neo-transfected (control) (LCL-neo) porcine cells in cultures containing mouse macrophages. LCL-mCD47 and LCL-neo cells were labeled with different fluorescent dyes (red or green) and cocultured at a 1:1 ratio in the presence and absence of mouse macrophages. The cultures were harvested daily for 3 days and the numbers of viable LCL-mCD47 and LCL-neo cells in the cultures were determined. As shown in Figure 3B , the ratio of viable LCL-mCD47 to LCL-neo cells was significantly increased in the presence of mouse macrophages but remained constant in the absence of macrophages. However, in the transwell experiments, LCL-mCD47 and LCL-neo cells grew equally in the upper transwell chambers regardless of whether the lower chambers contained LCL target cells alone or along with mouse macrophages ( Figure 3C ). These results imply that the increased expansion of LCL-mCD47 cells in the mixed cultures with mouse macrophages ( Figure 3B ) reflects a mouse CD47-induced protection against direct contact-mediated cytotoxicity of mouse macrophages.
We further confirmed that mouse CD47 expression on porcine cells prevents their phagocytosis by mouse macrophages. In in vitro phagocytic assays, mouse macrophages were markedly less effective in engulfing porcine LCL-mCD47 cells than engulfing LCL-neo cells ( Figure 4A ). Mouse macrophages preferentially phagocytosed LCL-neo cells even when LCL-mCD47 and LCLneo cells were both present, indicating that CD47 expression on individual target cells mediates this protection ( Figure 4B ). We also assessed the ability of mouse CD47 expression to prevent phagocytosis of porcine cells in vivo. Because red pulp macrophages in the spleen efficiently phagocytose CD47 KO mouse cells 14, 15 and porcine cells (Figure 2) , we assessed phagocytosis of CFSE-labeled LCL-mCD47 and LCL-neo cells in the mouse spleen. We observed that more CFSE ϩ cells were detected in red pulp of the spleen in mice receiving LCL-neo cells than in those injected with LCLmCD47 cells ( Figure 5A ). Staining of mouse macrophages revealed that most porcine cells trapped in red pulp of the spleen were engulfed by macrophages ( Figure 5A ). At 3 hours after cell infusion, almost all F4/80 ϩ macrophages (stained red) in red pulp had engulfed porcine cells (appearing yellow in merged pictures) in mice injected with LCL-neo cells, whereas large numbers of red pulp macrophages showed no engulfment in mice that received LCL-mCD47 cells. Similar results were observed in mice injected with a mixture (1:1 ratio) of LCL-mCD47 and LCL-neo cells, in which more LCL-neo cells than LCL-mCD47 cells were detected in red pulp (ie, engulfed by macrophages) ( Figure 5B ).
Taken together, these results indicate that the lack of efficient interaction between pig CD47 and mouse SIRP␣ is an important factor contributing to the susceptibility of porcine cells to phagocytosis by mouse macrophages. Furthermore, mCD47 expression is effective in preventing the rejection of porcine cells by macrophages in mice.
Discussion
Although macrophage depletion has been shown to be effective in preventing cellular xenograft rejection, the rapid recovery of macrophages and associated graft destruction after withdrawal of treatment indicates that sustained macrophage depletion or adaptation may be required to maintain long-term xenograft survival. 5, 10, 11, 22 Because macrophages play a critical role in initiating immune responses against pathogens, the long-term use of macrophage-depleting reagents is unlikely to be clinically feasible, even if nontoxic drugs can be developed. Thus, the development of strategies for specifically suppressing xenogeneic cell-triggered macrophage activation may be essential to the maintenance of durably functional cellular xenografts, and may also be beneficial in solid organ xenotransplantation for which macrophages have also been implicated in rejection. 23, 24 SIRP␣ is an ITIM-bearing inhibitory receptor expressed on macrophages that plays an important role in controlling macrophage activation. 12, 13 It has been demonstrated that SIRP␣ on macrophages recognizes CD47 as a marker of "self" and that CD47-SIRP␣ signaling prevents autologous phagocytosis of normal cells. 14, 15 The present study shows that pig CD47 does not cross react with mouse SIRP␣. Ligation of the mouse SIRP␣ by mouse CD47 induces tyrosine phosphorylation of ITIMs ( Figure  1A ), leading to the recruitment and activation of protein tyrosine phosphatases. 20 However, SIRP␣ phosphorylation could not be induced in mouse macrophages after incubation with porcine RBCs that express pig CD47 ( Figure 1A) . Furthermore, blocking SIRP␣ Results from 2 experiments are combined. *P Ͻ .01; **P Ͻ .001. (B) Spleens were harvested from CD47 KO (top row, ϫ 100) and WT (middle row, ϫ 100; bottom row, ϫ 200) at 1 hour after injection of CFSE-stained pig RBCs (green), and frozen spleen sections were stained with anti-F4/80 mAb (red). Engulfment was seen as a yellow event after merging the green-filtered and red-filtered images (right column). Three mouse recipients from each group were examined and representative results are shown.
CD47-SIRP␣ SIGNALING AND MACROPHAGE
XENOREACTIVITY 839 BLOOD, 15 JANUARY 2007 ⅐ VOLUME 109, NUMBER 2 For personal use only. on July 15, 2017. by guest www.bloodjournal.
org From
with anti-mouse SIPR␣ mAb (P84) markedly augmented the engulfment of mouse cells, but did not affect the ingestion of porcine cells by mouse macrophages (Figure 1B) . To further understand the role of CD47 incompatibility in phagocytosis of xenogeneic cells, we established mouse CD47-expressing porcine cell lines. Both in vitro and in vivo phagocytic assays showed that forced expression of mouse CD47 on porcine cells can significantly reduce their susceptibility to phagocytosis by mouse macrophages (Figures 3-5 ). To our knowledge, this study is the first to show that pig CD47 cannot deliver inhibitory signals to mouse macrophages via SIRP␣, and that mouse CD47 expression prevents phagocytosis of porcine cells by mouse macrophages. While long-term in vivo experiments assessing xenograft survival are clearly needed to draw a final conclusion, the current data suggest that CD47 may provide a potential molecular target for inhibiting macrophagemediated rejection of xenogeneic cells.
The species specificity of CD47 has also been demonstrated in other species, 13, 25, 26 and there has been no evidence that a crossspecies CD47-SIRP␣ interaction can occur in a highly disparate xenogeneic combination. A recent report indicates that human macrophages can phagocytose porcine cells in the absence of antibody or complement opsonization, and that removing ␣1,3-galactosyl xenoantigens from porcine cells failed to prevent phagocytosis. 27 Considering the lack of cross reaction between CD47 and SIRP␣ in other species and the limited identity (73%) in amino acid sequences between pig and human CD47, 28 the lack of cross reaction between pig CD47 and human SIRP␣ is likely also an important mechanism resulting in phagocytosis of porcine cells by human macrophages.
Mixed hematopoietic chimerism has been shown to induce tolerance across the MHC barrier. 29 Previous studies using a transgenic nonobese diabetic-severe combined immunodeficient (NOD/SCID) mouse model suggested that mixed hematopoietic chimerism may also induce mouse and human T-cell tolerance to porcine xenografts. 30, 31 However, unlike bone marrow transplantation within the same species, the innate immune system poses a formidable obstacle to the establishment of donor hematopoiesis across discordant xenogeneic barriers. 32 Macrophages are one of the factors mediating strong rejection of xenogeneic hematopoietic cells. 5, 6 The rejection of porcine hematopoietic cells by host macrophages developing de novo in porcine hematopoietic chimeras 5 suggests that mixed chimerism may not overcome the macrophage barrier. Therefore, inhibition of donor hematopoietic cell rejection by macrophages is critical for xenotolerance induction through mixed chimerism. Studies in the CD47 KO mouse model have demonstrated that CD47 expression is critical for preventing phagocytosis of hematopoietic cells. 14, 15 The rapid and vigorous rejection of CD47 KO hematopoietic cells in syngeneic WT mouse recipients 14, 15 suggests that CD47 incompatibility alone is sufficient to cause rejection of donor hematopoietic cells in a xenogeneic recipient. Thus, genetic manipulation of donor CD47 to improve its interaction with recipient SIRP␣ is likely critical for achieving donor hematopoietic engraftment and hence chimerism in xenogeneic recipients.
Although CD47-SIRP␣ interaction has been proven to be essential for the protection of normal hematopoietic cells from phagocytosis, it is unclear whether this interaction pathway also plays an important role in protecting nonhematopoietic tissues or cells from destruction by macrophages. Recent studies have shown that lung collectins, surfactant-A (SP-A) and SP-D, also bind SIRP␣ on alveolar macrophages through their globular heads to initiate an inhibitory signaling that helps to maintain a noninflammatory or anti-inflammatory lung environment. 33 These results suggest that the function of a porcine lung xenograft could also be severely compromised if porcine surfactants cannot bind human SIRP␣. Among the other immune inhibitory receptors on macrophages, CD200 receptor (CD200R, also known as OX2R) has been shown to play a critical role in the regulation of tissue macrophage activation. The ligand for CD200R, CD200 (also known as OX2), is widely expressed throughout the body. Studies using CD200-deficient mice demonstrated that the absence of CD200-CD200R signaling leads to accelerated activation and expansion of tissue macrophages. 34, 35 In addition to SIRP␣ and CD200R, paired Ig-like receptor B (PIR-B), 36 immunoglobulin-like transcript 3 (ILT3), 37 and CD33-related receptors 38 have also been shown to serve as inhibitory receptors for macrophages. Considering the possibility of functional overlap (or redundancy) among these receptors in the normal situation, macrophages may mediate more robust phagocytosis of xenogeneic cells if the donor and host are incompatible for multiple immune inhibitory receptor-ligand interactions. In this regard, identifying the cross reactivity of the major macrophage inhibitory receptors between pigs and humans should provide further insights into the understanding of the robust xenoreactivity of macrophages, and may lead to the development of approaches for attenuating macrophage-mediated xenograft rejection.
